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ABSTARCT 
 
One of the main objectives of electric utility is to reduce 
the probability of load curtailment during the 
contingencies. This objective could only be achieved by 
the proper and timely control actions against these 
contingencies. For such operational decision, an 
accurate and timely assessment and ranking of 
contingencies against the probability and frequency of 
load curtailment, and cascading outage are needed. 
Conventional techniques to assess the severity of such 
events are largely based on the assessment of post 
contingency voltage stability indices. These approaches 
are often found to be time consuming and sometime 
unreliable. This study attempts to investigate the 
effectiveness of different reliability indices in predicting 
the severity of contingencies. Different composite 
reliability indices are compared with the more 
sophisticated voltage stability and system loadability 
indices. Finding of this study is; use of these reliability 
indices as additional information to assess the severity 
of contingencies would complement the effectiveness of 
conventional approaches. 
 
1. INTRODUCTION 
 
Performance indices to predict proximity to voltage 
collapse have been a permanent concern in power 
system operation and design. These indices are used 
online or off-line to help operators determine the 
closeness of the systems from possible collapses [1]. 
 
A common feature for voltage collapse is the system’s 
inability of meeting the reactive power demand at certain 
buses in the network. This could arise from several 
situations such as shortage of reactive power generation 
or due to the transmission line contingencies etc. 
 
There are several works in the area of contingency 
assessment techniques [2-6]. All these techniques are 
focussed to assess the post contingency voltage stability 
indices. These procedures for voltage security 
assessment techniques involve mostly the evaluation of a 
large number of contingency cases and check for the 
voltage violations. However, for large systems, such 
approach would be prohibitively time consuming even 
for a single component contingency [3].  
 
The contingency screening and ranking for proximity to 
voltage collapse based on the voltage profile, Power-
Voltage (P-V) or Reactive Power Voltage (Q-V) and 
nose curves are being used by the large utilities [2]. The 
problem with these curves is that they are not a trivial to 
compute and equally time-consuming. On the other hand 
these different approaches are found to give different 
rankings while computing the post outage voltages for 
large systems. In many cases these results produce 
unreliable ranking [3].  
 
Low cost indices that the operators can rely to predict 
proximity to collapse is certainly of interest to utilities. 
To avoid any complexity in the system operation, many 
utilities perform off-line studies to determine voltage 
stability margin and subsequent control actions to ensure 
stability for the set of critical system conditions. The 
results are then used as a ready reckon look up table by 
the system operators [4].  
 
The ultimate objective of screening and ranking of 
contingencies is to assess the worth of any loss of 
generator or transmission line by assessing the loss of 
system’s ability to dispatch its generation. The goals of 
system operators and planners are always to reduce the 
probability of not being able to use available generation 
due to transmission outages. And this could be achieved 
by assessing the system’s imminent probability and 
frequency of load curtailment, and possible cascading 
outages. These different aspects of system performance 
are assessed by reliability analysis.  
 
Bench marking of network performance and justification 
of any network augmentation are often made based on 
these different indices. But, is it valid to use these 
indices for assessing the severity of any equipment 
outages? How effective would it be to use these different 
adequacy indices for assessing and ranking of severity of 
transmission contingencies?  
 
To address this problem, this paper focuses on the 
evaluation of effectiveness of different adequacy indices 
to rank the severity of contingencies. In doing so, 
different reliability indices based on the analytical 
technique [7] and the voltage stability indices based on 
Continuation Power Flow (CPF) technique [8-10] are 
computed and compared. A set of selected critical 
contingencies in the system are assessed and ranked with 
these different performance indices. The system and bus 
reliability indices such as Loss of Load Probability 
(LOLP), Number of Voltage Violations and the 
Expected Energy Not Served (EENS) are used for 
ranking the contingencies together with the system 
loading margin or the voltage stability limit.  
 
  
The organisation of this paper is as follows; Section-II 
presents an overview of the concept on adequacy 
analysis, Section-III is focussed on the formulation and 
concept of continuation power flow. Section-IV 
introduces the test systems and Section-V discusses the 
results. The summary and conclusions of the study are 
presented in Section-VI. 
 
2. RELIABILITY ANALYSIS 
 
The reliability indices measure the ability of power 
system to deliver electricity to all points of utilization 
within the accepted standards and desired amount. These 
analyses evaluate the probability, frequency and duration 
of various system contingencies in view of random loads 
and remedial actions [11, 12]. Any probable operational 
constraints and load loss/curtailment are reflected in the 
reliability indices. These indices provide effective 
information regarding identification of system 
weaknesses, comparison for alternative system designs, 
and the justification of new facilities [13].  
2.1 RELIABILITY ANALYSIS TECHNIQUES  
 
In reliability analysis, basic load point and system 
indices such as probability, frequency and average 
duration of failures or load curtailment are calculated. 
These indices provide the assessment of each of the 
individual load buses as well as the aggregate measure of 
overall system performances [14, 15]. Based on this 
information EENS, LOLP, Nos of Voltage Violations or 
other secondary indices of load point and aggregate 
system are calculated.  
 
In this paper the probabilistic reliabity analysis [7] based 
on analytical techniques with state enumeration principle 
is used. An AC load flow solution is used to assess the 
reactive power violation and voltage deficiencies.  
 
Two basic indices are calculated; they are system indices 
and the load point indices. Where, system indices 
represent the complete system performance. They are 
computed by enumerating all possible problems that the 
system may encounter. However it can not locate the 
problem at any particular point.  Whereas bus indices are 
computed for each bus for the probability of loss of load, 
frequency, duration, and expected energy not served etc. 
 
The definitions and formulation to compute LOLP, 
EENS and number of voltage violations are given in 
Appendix-I. 
 
3. VOLTAGE STABILITY ASSESSMENT  
 
Voltage stability assessment particularly measures the 
distance from the system state to its maximum 
loadability boundary [8, 16]. A number of static voltage 
stability techniques exist in the literature and many of 
them are described in [9]. These methods are found to be 
mainly of two general categories; one is the technique 
which mainly measures the system security based on the 
path followed to voltage collapse and another is 
independent of the path. Method of CPF [8] and 
computation of reactive reserve basins [17] and the 
identifying the closest bifurcation point [18] are the 
methods under the first category whereas voltage 
stability margin calculation based on linear analysis [19, 
20] are the method under second category.  
 
3.1 CONTINUATION POWER FLOW (CPF)  
 
The general principle of CPF technique is that it employs 
a predictor-corrector scheme to find a solution path of a 
set of power flow equations formulated to include 
different load parameter. It starts from a known solution 
and uses a tangent predictor to estimate a subsequent 
solution corresponding to a different value of time 
varying load parameter λ. This estimate is then corrected 
by using the Newton-Raphson technique commonly 
employed in conventional power flow study. The above 
parameterization provides a means to identify the point 
along the solution path and helps avoiding the 
singularity in the Jacobian [9, 16]. So the precise value 
of nose curves voltage V and loading parameter λc could 
be obtained. 
The strategy used in this method is illustrated in 
Figure:1. Where, solution is initiated from a known 
equilibrium point (z1, λ1) to compute the direction vector 
∆z1 and a change in ∆λ1 of the system parameter. This 
step is known as the predictor, since it generates an 
initial guess (z1+∆z1, λ+∆λ1) which is then used in the 
corrector step to compute a new equilibrium point (z2, 
λ2) on the system profile. Details of the algorithm are not 
presented in this paper due to lack of space. More 
information could be found in [8, 9, and 10]. 
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Figure 1 Continuation Power Flow Concept 
 
3.1.1 LOADING MARGIN 
 
The system loading margin is the amount of additional 
load increase for a particular operating point until the 
voltage collapses. This index is most widely accepted 
index to measure the voltage collapse [9]. If the system 
load is chosen to be the variable parameter, then a 
system P-V curves can be drawn where the loading 
margin to voltage collapse would be the change in loads 
between the operating point and the nose of the curve. 
The changes in loading can be measured by the sum of 
the absolute changes in load powers [9]. In this study 
loads are assumed to have constant power factor.  
 
  
The maximum loading parameter is defined as λ*, the 
base case power (BCP) would be: 
BCP =
i
LiP      (1) 
Here; PLi is the active load at all load buses. 
Maximum loading condition (MLC) of system would be: 
MLC = (1+λ*) × BCP     (2) 
The available loading capability (ALC) would be: 
ALC = λ* × BCP     (3) 
The system loadability for base case and different 
contingencies is defined as the maximum power loading 
margin λc [10]. Where; 
λc = 1+λ*      (4) 
 
3.1.2 VOLTAGE STABILITY INDEX  
 
The dimension of tangent vector obtained from the CPF 
solution gives the meaningful sensitivity for the voltage 
stability index and identifies weaker buses. The weakest 
bus is the one which is nearest to experiencing voltage 
collapse and in terms of P-V curves; It is the one that is 
closest to the nose of the curve [8]. In this study the 
tangent vector index (TVI) is used as the voltage 
stability index.  
Where;  
TVI = |dVj/dPtotal|     (5) 
The expression dVj is the differential voltage at bus j due 
to the incremental value of system load dPtotal. This 
differential change in voltage at each bus for a given 
incremental change in system load is obtained from the 
dimensions of tangent vector. Bus with the highest value 
of |dVj/dPtotal| would be the weakest one. 
 
4. CASE STUDIES AND RESULTS 
 
4.1 CHARACTERISATION OF INDICES 
 
Reliability indices for system and buses adequacy were 
computed using the software called Composite 
Reliability Using State Enumeration (CRUSE) [23]. 
Forced outage rates for the generator, transformer and 
lines for both 10 bus BPA and IEEE-RTS system are 
taken from Reference [24]. In this study; level three (n-
3) contingency for generators and level two (n-2) for 
lines are assumed. 
 
System load margin and voltage stability indices TVI are 
computed using a MatLab based CPF routine from 
Power System Analysis Toolbox (PSAT) [25].  
 
4.2 RESULTS FROM 10 BUS BPA SYSTEM 
 
Before making any comparison and conclusion among 
the reliability indices and system loading index, there 
needs to find the apparent link between these indices. In 
this study investigation were first made with the simple 
10 bus BPA test system [21, 22]. Variations of LOLP 
and λ with the variation of system loads were analysed.  
 
 
Figure 2:10 bus BPA System 
 
The results of 10 bus BPA system are found to show the 
relation between these two different indices. The 
increases in the value of LOLP and decrease of λ with 
the increase in load were observed and which is shown 
in Figure 3. 
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Figure 3: LOLP and λ versus System Load 
 
4.3 IEEE RTS TEST  
 
For the detail study, screening and ranking of selected 
critical contingencies 24-bus IEEE Reliability Test 
System (RTS) [24] has been used. The IEEE-RTS 
(Figure 4) is a relatively large system with 24 buses 
including 32 generators, 17 load buses and 38 lines. Its 
peak load is 2850 MW. A simple 3 step load model is 
taken for the study. The detail of this is given in 
Appendix-II. 
 
At first, study on the correlation of LOLP and loading 
margin λc with the variation of system load are analysed 
for a bases case. The results are shown in Table: 1. In 
this study the power factor are assumed constant and the 
load at each load bus to vary with the same proportion.  
 
RTS Performance Indices System Load  
(100%= 2850 MW) λc LOLP 
100% 2.2529 0.102992 
105% 2.0847 0.136432 
110% 1.9380 0.151188 
Table 1: RTS performance with different load level. 
 
The trends of the results show that with the increase in 
system load the LOLP increases whereas the value of λ 
decreases.  
λ LOLP 
  
Comparison of the results appears to demonstrate the 
relation between adequacy indices and the loadability 
margin λ when there are no contingencies. This analysis 
was further extended to study the comparative 
effectiveness for contingency screening and ranking with 
the IEEE-RTS network. 
 
 
 
Figure 4: 24 Bus IEEE-RTS System 
 
IEEE-RTS system being an (n-1) complaint networks 
only the single line outage will not produce significant 
reliability problems. In this study eight most critical 
contingencies are selected from the several possible 
transmission contingencies using qualitative and visual 
analysis of the IEEE RTS network.  
 
S.N. Contingencies Case 
1 Transmission lines between 
15-21 double circuit outage  
Case-1 
2 Transmission line between 
bus 17-18 outage 
Case-2 
3 Transmission lines between 
17-22 double circuit outage 
Case-3 
4 Transmission lines between 
18-21 double circuit outage 
Case-4 
5 Transmission lines between 
19-20 double circuit outage 
Case-5 
6 Transmission line between 
bus 3-24 outage 
Case-6 
7 Transmission lines between 
20-23 double circuit outage 
Case-7 
8 Transmission line between 
bus 21-22 outage 
Case-8 
Table 2: Different Contingencies 
 
The sets of contingency cases shown in Table: 2 are 
selected from the following: 
• Double circuit lines (with common right of way) 
• Double circuit lines (with common tower) 
• Interconnection between North and South region 
• Line supplying the largest load buses and 
• Contingencies not leading to system islanding. 
 
4.4 TRANSMISSION CONTINGENCY RANKING 
 
For ranking purpose, comparisons of two most important 
reliability indices LOLP and number of voltage 
violations are made with the system loadability λc for the 
above selected contingencies. Results of the ranking 
based on their severity are presented in Table 3 and 4.  
 
Value of PIs for contingencies  S. 
No. 
Contingencies 
λc LOLP Voltage 
Violation 
1 Case-1 1.95740 0.027501 0.005891 
2 Case-2 2.24589 0.016848 0.003146 
3 Case-3 2.25033 0.016958 0.016958 
4 Case-4 2.24761 0.011639 0.003297 
5 Case-5 2.24171 0.019622 0.099206 
6 Case-6 1.67709 0.026363 0.435607 
7 Case-7 2.14089 0.022431 0.589017 
8 Case-8 2.25621 0.016965 0.002780 
Table 3: Value of Performance Indices (PIs) 
 
The discrepancies are seen in the results for the base 
case and the contingencies cases for IEEE RTS system. 
The results show the mix trends on the effects created by 
the transmission line outages on the system reliability 
and the voltage stability margin (loading margin). The 
ranking of contingencies based on the value of LOLP 
and λc for the first four contingencies (most severe) 
indicate somehow their correlation. However this may 
not be conclusive given this limited study. 
 
In this case, for different contingencies the network’s 
radialness would be different and certainly their 
immunity against system collapse would be very 
different. The authors of Reference [26] have explained 
how the differences in network topology can radically 
influence to the reliability indices.  
 
Ranking of contingencies by 
system severity 
S. 
No. 
Contingencies 
λc LOLP Voltage 
Violation 
1 Case-6 1 2 2 
2 Case-1 2 1 4 
3 Case-7 3 3 1 
4 Case-5 4 4 3 
5 Case-2 5 7 6 
6 Case-4 6 8 5 
7 Case-3 7 6 8 
8 Case-8 8 5 7 
Table 4: Ranking of Contingencies 
 
4.5 CONTINGENCY RANKING FOR LOAD BUS 
 
Screening and ranking of contingencies for two load 
buses 19 and 20 (buses without the generator) were 
made using bus reliability indices and voltage stability 
index. 
 
  
The contingencies ranking based on the values of bus 
indices for LOLP, EENS and the TVI for individual 
buses 19 and 20 are shown in Table 5 and 6 respectively.  
Table 5: Ranking of contingencies for Bus 19 
 
From the analysis of the results of contingency ranking 
for buses; no correlations among the reliability indices 
and voltage stability indices are found. 
 
Table 6: Ranking of contingencies for Bus 20 
 
It is because; assessment of TVI indices uses the changes 
in voltage profile with respect to changes in load level. 
According to authors of Reference [9] this is often not a 
good way of detecting the system severity particularly 
when the buses are highly compensated or the buses that 
are not located in the critical area [9]. On the other hand, 
reliability indices like LOLP and EENS are computed 
based on the equipment failure probability, and the 
available capacity of transmission and generation 
facilities to meet the demand. In this case study the 
selected two buses are located on a highly meshed 
network. Results in Table: 5 and 6 clearly shows that for 
load buses or for a localised point in the network these 
two approaches may not show the same level of severity 
under different contingencies.  
 
5. CONCLUSIONS 
 
This study investigates the uses of different reliability 
indices for contingency ranking for a highly meshed 
network. Preliminary results from the investigation on 
“extended” 10 bus BPA and “meshed” IEEE-RTS 
system show a clear correlation between LOLP and 
system loading margin λ. However, for contingency 
screening the correlation between LOLP with λ was not 
significant for IEEE-RTS system. Further works are 
needed in a realistic large power system to make any 
conclusion on their effectiveness. 
 
In a true sense, for contingency analysis of power 
system, these indices are not the alternatives rather they 
complement each other. The finding of this study is; in a 
highly compensated network voltage stability assessment 
alone may not predict the real severity of the system 
contingencies. In such cases assessing the severeness of 
post contingency operating condition using reliability 
indices would complement the conventional approaches 
(discussed in Section-I) for contingency screening and 
ranking. 
 
APPENDIX:-I 
Loss of Load Probability (LOLP):  
It measures the likelihood of the load curtailment. This is 
equal to the some of the probabilities of the contingency 
events that cause load curtailment 

∈
=
LCj
jPLOLP  
Where; Pj = Probability of outage event j 
j∈LC = All contingencies leading to load curtailment 
 
Expected Energy Not Served (EENS): MWh/Occurrence 
It is a measure of the level of energy not supplied per 
outage. This is a weighted sum of the all energy 
curtailment under all the buses in the network. 
jkj
LCjk
DLPjEENS 
∈
=   (MWh/Occurrence) 
Here, 
 Pj = Probability of existence of outage j 
 Lkj = Load curtailment at bus k to alleviate the 
 overloads arising due to contingency j 
 Dj = Duration of hours of contingency j 
 
Number of Voltage Violation: Nos. of V/V /Occurrence 
It measures the occurrence of voltage level exceeding 
the set limits of voltage in all the buses.  

∈
=
Vj
j
k
FVVofNos /  (Nos. /Occurrence) 
Here, 
 Fj = Frequency of occurrence of contingency j 
 j∈V includes all contingencies which cause 
 voltage violation at bus k. 
 
APPENDIX:-II 
Load Shape for Adequacy Analysis: 
 Load % of Load Incident 
 100  20 
 80  70 
 40  10 
 
REFERENCES 
 
[1] N.D. Hatziargiyriou and T. Van Custom, 
(Editor), “Indices Predicting Voltage Collapse 
Including Dynamic Phenomena”, Technical 
Report. TF 38-02-11, CIGRE, 1994. 
 
 [2] C. A. Canizares, A.C.Z. de Souza, and V. H. 
Quintana, “Comparison of Performance 
Indices for Detection of Proximity to Voltage 
Collapse”, IEEE Transactions on Power 
Systems, Vol. 11, No. 3, pp(s). 1441-1450, 
August 1996. 
 
Ranking  based on performance indices Case 
Voltage Stability Index 
TVI = |dVi/dPi| 
LOLP EENS 
Case-1 7 3 8 
Case-2 5 4 3 
Case-3 3 1 6 
Case-4 5 5 4 
Case-5 1 2 7 
Case-6 7 7 1 
Case-7 2 6 5 
Case-8 8 8 2 
Ranking based on performance indices Case 
Voltage Stability 
Index TVI = 
|dVi/dPi| 
LOLP EENS 
Case-1 7 1 1 
Case-2 5 8 7 
Case-3 4 7 6 
Case-4 6 3 4 
Case-5 2 4 3 
Case-6 1 5  
Case-7 3 2 2 
Case-8 8 6 5 
  
[3] A. Mohamed and G.B. Jasmon,”Voltage 
Contingency Selection Technique for Security 
Assessment”, IEE Proceeding, Vol. 136, Pt. C., 
No. 1, pp. 24-28, January 1989. 
 
[4] E. Vaahedi, C. Fuchs, W. Xu, Y. Mansour, H. 
Hamadanizadeh and G.K. Morison, “Voltage 
Stability Contingency Screening and Ranking”, 
IEEE Transactions on Power System, Vol. 14, 
No. 1, pp. 256-265, Feb. 1999. 
 
[5]  Z. Jia and B. Jeyasurya, “ Contingency 
Ranking for On-line Voltage Stability 
Assessment”, IEEE Transactions of Power 
System, Vol. 15, No. 3, pp. 1093-1097, August, 
2000. 
 
[6] Y. Chen and A. Bose, “Direct Ranking for 
Voltage Contingency Selection”, IEEE 
Transaction on Power Systems, Vol. 4, No. 4, 
pp. 1335-1344, October 1989. 
 
[7] R. Billinton and R. Allan, “Reliability 
Evaluation of Power Ssystems, 2nd Edition, 
Plenum Press, 1996. 
 
[8] V. Ajjarappu and C. Christy, “The 
Continuation Power Flow: A Tool for Steady 
State Voltage Stability Analysis”, IEEE 
Transactions on Power Systems, Vol. 7, No. 1, 
pp. 416-423, February 1992. 
 
[9] “Voltage Stability Assessment: Concepts, 
Practices and Tools”, Final Document, August 
2002, IEEE/PES Power System Stability 
Subcommittee (Coordinator/Editor: C. 
Canizares). 
 
[10] F. Milano, “An Open Source Power System 
Analysis Toolbox”, a Paper accepted to be 
published in the IEEE Transactions on Power 
Systems. 
 
[11] J. A. Momoh, Y. V. Makarov, and W. 
Mittelstadt, "A Framework of Voltage Stability 
Assessment in Power System Reliability 
Analysis," IEEE Transactions on Power 
Systems, vol. 14, pp. 484-491, 1999. 
 
[12] R. Billinton and J. Satish, "Adequacy 
Evaluation in Generation,Ttransmission and 
Distribution Systems of an Eelectric Power 
System," IEEE Proceedings on 
Communications, Computers, and 
Transmissions and Distributions Systems of an 
Electric Power Systems, Canada, 1993.  
 
[13] R. Billinton and W. Zhang, "Load Duration 
Curve Incorporation in the Reliability 
Evaluation of Bulk Power Systems," Electric 
Power Components and Systems, vol. 30, pp. 
89-105, 2002. 
 
[14] R. Billinton, J. Satish, and L. Goel, 
"Hierarchical Reliability Evaluation in an 
Electric Power System,” in Proceedings of the 
Joint International Power Conference, 1993. 
 
[15] L. Goel and R Billinton, "Pertinent Factors in 
the Adequacy Evaluation of an Overall Electric 
Power System," IEE Proceedings on 
Generation, Transmission and Distribution, vol. 
142, pp. 337-341, 1995. 
 
[16] R. P. Klump and T. J. Overbye, “Assessment of 
Transmission System Loadability”, IEEE 
Transactions on Power Systems, Vol. 12, No. 1, 
pp. 416-423, February 1997. 
 
[17] C. Aumuller and T. K. Saha, “Determination of 
Power System Coherent Bus Groups by Novel 
Sensitivity Based Method for Voltage Stability 
Assessment, IEEE Transactions on  Power 
Systems, Volume 18, Issue 3, Page(s):1157–
1164, Aug. 2003. 
 
[18] V. Ajjarappu and B. Lee, “Bifurcation Theory 
and Its Application to Non Linear Dynamical 
Phenomenon in an Electric Power System” 
IEEE Transactions on Power Systems, Vol. 7, 
pp(s) 424-431, Feb. 1992. 
 
[19] P.A. Lof, T. Smed, G. Andersson and D. J. Hill, 
“Fast Calculation of a Voltage Stability Index”, 
IEEE Transactions on Power Systems”, Vo. 7, 
pp(s) 54-64, 1992. 
 
[20] P. Kessel and H. Glavitch, “Estimating the 
Voltage Stability of a Power System”, IEEE 
Transactions on Power Delivery, Vol. PWRD-1, 
pp(s) 346-54, 1986.  
 
[21] C. W. Taylor, (Edited by N. J. Balu and D. 
Maratukulam) “Power System Voltage 
Stability”, EPRI/McGraw Hill, 1994. 
 
[22] P. Kundur, “Power System Stability and 
Control”, EPRI/McGraw Hill, 1993. 
 
[23] "CRUSE Composite Reliability Using State 
Enumeration," 1.0 edition (User's Manual), 
Power Tech. Inc., Surrey, B. C., Canada, 1999.  
 
[24] “IEEE Reliability Test System," IEEE 
Transactions on Power Apparatus and Systems, 
Vol. PAS-98, pp. 2047-2054, Nov. /Dec. 1979. 
 
[25] Power System Analysis Tool Box (PSAT). 
http://thunderbox.uwaterloo.ca/~fmilano 
 
[26] A. Thapar, T.K. Saha and J.D.F. McDonald, 
“An Investigation of Composite System 
Reliability in Meshed and Extended Networks”, 
Accepted for Publication in the Proceeding of 
IPEC 2005. 
